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Neural progenitor cells can be derived from a variety of developmental stages when they are preferentially proliferating, undergoing
neurogenesis or undergoing gliogenesis. We used FACS sorting and the LeX surface marker to enrich neural progenitor cells from different
embryonic stages and adult and compared their gene expression profiles using Affymetrix Microarrays. Our results show that, while there are
common genes expressed in the progenitor cell population from all stages, there are also significant differences in gene expression patterns
that correlate with stage-related behaviors. These data indicate that progenitor cells change during development and that adult and embryonic
neural progenitor cells are intrinsically different.
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Neural progenitor cells (NPCs) are the precursors that
give rise to the nervous system. There are three major
types of progenitor cells present in the developing CNS:
neural stem cells (NSCs), restricted progenitors for
neurons (neuroblasts) and restricted progenitors for glia
(glioblasts). NSCs are highly prolific, multipotent cells
present as early as the neural plate stage (Tropepe et al.,
1999) and found subsequently in all major regions of the
embryonic central nervous system (CNS), in the neural
crest and embryonic placodes and later in the two major
adult neurogenic zones — the hippocampus and the
subventricular zone (SVZ) (Gage, 2000; Temple, 2001).
Evidence indicates that NSCs generate restricted neuro-
blasts and glioblasts and thence differentiated progeny,
while at the same time self-renewing to perpetuate the
stem population (Gage, 2000; Mayer-Proschel et al.,
1997). Hence, stem cells and restricted progenitor cells
are lineally related.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.03.040
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E-mail address: abramon@mail.amc.edu (N. Abramova).Progenitor cells isolated from a particular region and
stage consist of a mixture of stem cells, and their restricted
progenitor progeny and the composition and behavior of the
progenitor population reflect the type of cells being
generated. The progenitor population produces different
cell types at different stages of development, so that
neuronal and glial progeny arise on a precise time schedule
(Qian et al., 1998, 2000). Studies of isolated progenitor cells
derived from different stages suggest that they alter their
properties as development ensues, so that early NPCs are
primed to make neurons, while later in embryonic develop-
ment, they are primed to make glia. Embryonic NPCs can
generate fundamental projection neurons as well as inter-
neurons. In contrast, adult NPCs appear restricted to making
interneuron classes.
Restricted progenitor cells are programmed to generate
specific cell types, and as such represent different defined
populations. Similarly, although NSC obtained from differ-
ent sources share the basic properties of multipotency, self-
renewal and high prolific potential, they also exhibit region-
and stage-specific properties. Peripheral nervous system
neural crest stem cells are distinct from embryonic CNS
stem cells, distinguishable by surface markers, growth factor283 (2005) 269 – 281
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Similarly, stem cells derived from basal versus dorsal
embryonic forebrain and spinal cord generate distinct,
region-specific progeny (He et al., 2001, Luo et al., 2002;
Mayer-Proschel et al., 1997). Stem cells derived from early
embryonic forebrain are primed to generate neurons, and
those derived from later stages are primed to generate glia
and have different growth factor responsiveness (Martens et
al., 2000; Qian et al., 1997, 2000). It seems likely then that
regional and temporal programs are imparted to these cells,
so that stem cells alter their propensity to generate different
types of progeny with time, a process that could be central
to the normal mechanism by which different neural cell
types arise during development (Temple, 2001).
Thus, there are significant changes in the NPC pheno-
typic profile that reflect their behavior at different stages. By
studying gene expression in NPCs derived from different
stages, we expect to find genes that are directed towards
production of different types of neural progeny. For
example, in the mouse dorsal forebrain at E10, the
progenitor cells present consist of stem cells and restricted
neuroblasts, but at that stage, both are largely proliferating
with little differentiation occurring. At E13, the progenitor
cells present again consist largely of stem cells and
restricted neuroblasts, and both these progenitor subclasses
are actively generating projection neurons. In contrast, at
E17, both the stem cells and restricted progenitors present
generate largely glia. The adult SVZ consists of a mixture of
stem cells, Type C neuroblasts and Type A neuroblasts, and
all are geared towards producing olfactory interneurons.
Thus, while the progenitor population at each stage consists
of a mixture of stem and restricted cells, both these sub-
types acts in a similar way at each stage. Consequently,
genes relevant to these different behaviors should be
revealed by a comparison between progenitor cells from
different stages, as we have done here.
The advent of chip technology allows global comparison
of gene expression. However, a technical impediment to
carrying out a NPC comparison has been the ability to
isolate fresh progenitor cell populations from different
stages. While progenitor cells are reasonably prevalent at
early stages — e.g. at E10 in mouse cerebral cortex, around
90% of the cells present are dividing NPC, and of these,
around 20% of cells present are NSC, they become
increasingly rare with development: NPCs are only around
10% of cells at late embryonic stages, and NSCs are only
around 1% of cells present in the mouse or rat cortex around
birth (Marmur et al., 1998; Young and Levison, 1996). The
rarity of progenitor cells among differentiated cells present
in the developing CNS makes a direct comparison difficult
without methods to enrich the progenitor cell populations.
Growth of NPCs as neurospheres allows their enrichment;
however, in vitro culture of these cells for long periods can
alter their properties (Quinn at al., 1999). Comparison of
freshly isolated cells is preferable, as this should give more
accurate information about NPC properties in situ.Recently, we showed that NPCs could be enriched to
1:4–5 cells (equivalent to the best hematopoietic stem cells
enrichment (Kondo et al., 2003)) from embryonic forebrain
(Capela and Temple, unpublished observations) and adult
SVZ (Capela and Temple, 2002) using a surface marker,
Lewis X (LeX) (also known as SSEA1 and CD15), that
allows selection of live progenitor cells. Using this marker
and FACS sorting, we have extracted fresh mouse progen-
itor cells from four key stages of forebrain development,
focusing on the cerebral cortex: E10, when the cortical
epithelium consists largely of proliferating progenitor cells
and very few differentiated progeny, E13, an active period
of neurogenesis, E17, when neurogenesis is waning and
active gliogenesis beginning, and adult SVZ. We carried out
a global comparison of gene expression changes in these
four populations of enriched NPC and on undifferentiated
embryonic stem cells (ESC), screening on Affymetrix
oligonucleotide arrays.
We show that NPCs undergo significant changes in their
genetic program during mouse development. We also
describe a group of genes expressed in all NPCs irrespec-
tive of age, genes that generally define the NPC. In
addition, we identify stage-related changes in NPC gene
expression. We have characterized the five most common
gene expression patterns that take place in NPCs during
development and have defined a gene group potentially
involved in neurogenesis (genes expressed more at E13
compared to E17) and a gene group potentially involved in
gliogenesis (genes peaking at E17). Finally, we present
evidence that adult versus embryonic NPCs are intrinsically
different.Materials and methods
Neural progenitor cell isolation
Embryonic mouse cerebral cortices were dissected and
dissociated as described previously (Qian et al., 1998,
2000). For the SVZ dissection, coronal slices of adult male
and female Swiss Webster mice brains were cut with a razor
blade. The SVZ region was microdissected from the slices
and incubated for 1 h at 37-C in 15 U/ml of papain
(Worthington), with gentle rocking. The tissue was dis-
sociated to a single cell suspension using a fire-polished
glass Pasteur pipette. The cells were centrifuged for 10 min
at 300  g and resuspended in DMEM (GIBCO).
Cell sorting
Acutely isolated SVZ or primary embryonic cell suspen-
sions were labeled with the MMA hybridoma that recog-
nizes LeX (Becton Dickinson). The LeX labeled cells were
sorted using a Becton Dickinson FACS Vantage. Gating
parameters were set by side and forward scatter to eliminate
debris, dead and aggregated cells and by green (530 nm)
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flow rate was less than 1000 events/s for high purity and
recovery. After the sort, cells were centrifuged for 10 min at
300  g and resuspended in DMEM. 200–300 sorted cells
were plated on poly-l-lysine-coated plates for subsequent
determination of the purity of sorted cells by staining for
LeX: Cells were plated for 2 h for embryonic cells or 4 h for
adult SVZ cells then live cells were incubated with MMA
antibody (1:20) for 30 min at RT before fixation, staining
with secondary antibody and visualization of staining.
Embryonic stem cells
Embryonic stem cells (129SvEv passage 11) were
obtained from the Center for Comparative Functional
Genomics, State University at Albany, NY. ES cell cultures
were maintained in vitro on a monolayer of primary mouse
embryonic fibroblasts (MEF) in the presence of LIF. To
remove potential contaminating MEFs in the microarray
analysis, ES cells were grown for one passage on gelatin-
coated plates without feeder cells.
mRNA isolation and microarray analysis
LeX+ cells were isolated from cortices of 25 E10
embryos, 15 E13 embryos, 12 E17 embryos (plug date is
designated day 0, all Swiss Webster timed-pregnant mice
were obtained from Taconic farms; stage was verified by
examining crown-rump length and visual inspection of stage
of limb and forebrain growth) and 32 adult (retired breeders)
forebrain SVZ. All cells were 99% viable, with 99.9%
purity, shown by post-sort staining as described above. All
the animals were pooled for single microarray analysis. Due
to the difficulty obtaining sufficient samples from adult
SVZ, the array experiment was not conducted in replicate.
However, as each gene is represented 16–20 times on the
chip, internal replicates could be analyzed by Affymetrix
Microarray Analysis Suite (MAS5.0) to generate the P
value. mRNA was isolated using RNeasy kit from Qiagen.
For microarray analysis, RNA was labeled according to the
Affymetrix eukaryotic small sample protocol (GeneChip
eukaryotic small sample target labeling technical note
www.affymetrix.com, 2003). The quality of the probes
was assessed using Affymetrix Test3 arrays and shown to be
acceptable for analysis. Mouse Genome U74Av2 chips were
hybridized on a GeneChip System (Affymetrix) at the
microarray core facility at the Genomics Institute according
to the manufacturer’s instructions. All spike controls were
present and detected in 3V, middle and 5Vends of the probes.
All housekeeping controls were present and detected in 3V,
middle and most 5Vends of the probes; some 5Vends were not
detected, as discussed below.
The small sample protocol allows accurate amplification
of as little as 0.1 Ag total RNA. It has been shown
(McClintick et al., 2003) that the number of differences
between samples from the same animal that resulted fromusing the lower amount of RNA was much smaller than the
biological variation between different animals that were
treated the same and labeled by the standard protocol. This
study also demonstrated that amplification results in
systematic loss of the 5Vend of the transcripts, which renders
probe sets designed from sequences at 5V end undetectable.
All our probes were treated and amplified in exactly the
same way, so this amplification bias will not have a
significant effect on our comparisons.
In Affymetrix Microarrays, each gene is presented as a
probe set consisting of 16–20 probe pairs. Detection P
value is calculated by the MAS software; it is a
parameter that reflects how well the probes in the set
hybridize to their target (when hybridization intensity for
all perfect match probes in the set is high compared to
the mismatch probes in the same set, the calculated
Detection P value will be low [more significant]). Since
false positives signals were shown to come largely from
the genes expressed at low levels (Mariani et al., 2003;
McClintick et al., 2003), it was recommended to use a
more restrictive P value for gene analysis, since none of
the false positives had a P value less than 0.001.
Furthermore, removing probe sets called absent from
further analysis removes most of the variability seen in
the low signal range in biological and technical varia-
bility experiments (McClintick et al., 2003). Unfortu-
nately, restricting gene analysis to genes with a P value
less than 0.001 (which will completely eliminate false
positives) also results in elimination of many true positive
genes that are expressed at low levels. In our experi-
ments, data analysis was restricted to genes called present
with a P value < 0.01, which allowed reduction of the
rate of false positives (reduction of noise in the experi-
ment), while still allowing us to see low abundance
genes.
Arrays were analyzed using Affymetrix Microarray
Suite 5.0 (MAS5.0) and GeneSpring 5.0 software from
Silicone Genetics. The Global Error Model in GeneSpring
5.0 was used to analyze the microarray data: this model
performs variance component analysis and uses the
estimates of variation to estimate standard errors and
compare mean expression levels between experimental
conditions. GeneSpring also provides several ways to
normalize experimental data, which allows standardization
of microarray data to enable differentiation between real
(biological) variations in gene expression levels and
variations due to the measurement process. We used Per
Chip normalizations that control for chip-wide variations
in intensity (due to inconsistent washing or inconsistent
sample preparation) and Per Gene normalization (normal-
ization to median) that accounts for the difference in
detection efficiency between spots, allowing to compare
relative changes in gene expression levels. Normalization
to median was calculated as (signal strength of gene A in
sample X) / (median of every measurement taken for gene
A throughout the experiment).
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Real-time quantitative RT-PCR was used to confirm the
results of microarray analysis. RT-PCR was done using
RNA samples isolated independently from those used for
microarray analysis. RT-PCRs were performed using SYBR
Green RT-PCR reagent from Qiagen on ABI Prism 7700
(Perkin-Elmer). Dissociation Curves software was used to
determine primer dimer melting temperature and conse-
quently exclude primer dimers from analysis. The expres-
sion of target genes was normalized to GAPDH and
calculated as relative expression E = 1/2(DCt), where Ct
is the difference of threshold of cycle number between
GAPDH and the target gene.
In situ hybridization
Digoxigenin (DIG)-labeled cRNA probes were used for
in situ hybridization histochemistry as described (Schaeren-
Wiemers and Gerfin-Moser, 1993).
Virtual Northern blot
Virtual Northern blots were done using BD Biosciences
Clontech SMART RT-PCR kit according to the manufac-
turer’s protocol. Briefly, SMART PCR generated cDNAs
from E13 LeX+ cortical cells and E17 LeX+ cells (1 Ag per
lane) were electrophoresed on 1.6% agarose gels, trans-
ferred onto nylon filters and hybridized with 32P-labeled
cDNA probes corresponding to the coding region of genes
of interest.Results and discussion
Enriched NPC populations from different developmental
stages have distinct gene expression patterns
Previous studies have shown that the surface marker LeX
allows enrichment of progenitor cells from mouse embry-
onic cerebral cortex at E10, E13, E17 and from the mouse
adult SVZ (Capela and Temple, 2002 and unpublished o-
bservations). Of the LeX+ cells selected, over 90% are
dividing NPCs, and of these, 1:4–5 are self-renewing stem
cells capable of generating large mixed clones of neurons
and glia in adherent culture or neurospheres in non-adherentFig. 1. (A) Schematic showing isolation of NPC and gene expression analysis. Re
data. The signal intensities of individual absolute analyses are plotted against each
given each gene by Affymetrix Microarray Suite 5.0 in both samples. Detection cal
2- and 10-fold changes in signal intensity between samples.
(i) X = E10 LeX + cells, Y = ESC,
(ii) X = E13 LeX + cells, Y = E10 LeX + cells,
(iii) X = E17 LeX + cells, Y = E13 LeX + cells,
(iv) X = adult SVZ LeX + cells, Y = E13 LeX + cells.culture. In contrast, most of the LeX cells present are
differentiated progeny, either postmitotic neurons or glia.
Hence, LeX expression allows us to extract a highly
enriched population of NPCs from different developmental
stages and to compare their gene expression patterns.
Affymetrix arrays were chosen for the comparison
because highly reproducible one-color measurements allow
simultaneous comparison of several different samples
(Barlow and Lockhart, 2002). In order to minimize
biological variation, we isolated LeX+ cells from brain
cortices of 25 E10 embryos, 15 E13 embryos, 12 E17
embryos and 32 adult forebrain SVZ. The experimental
outline is shown in Fig. 1A. Affymetrix Microarray Suite
5.0 (MAS5.0) was used to perform an initial analysis of the
arrays. In our experiments, data analysis was restricted to
genes called present with a P value < 0.01, to reduce the
rate of false positives (see Materials and methods for
details).
The following numbers of genes were called present:
ESC: 5816 genes of 12,473, E10: 5086, E13: 4991, E17:
4894 and in the adult SVZ: 5175. Signal values and
detection calls for U74Av2 chips for different ages of NPC
and ES cells are shown in the Supplementary data.
MAS5.0 scatterplots provide an overview of differences
between cell populations in this experiment (Fig. 1B). We
observed that there were more differences between ESCs
and NPCs at any stage than between NPCs at different
stages, for example, see the wide spread of the scatterplot
data when ESCs were compared to E10 NPC (Fig. 1B (i)).
The most similar cell populations were E10 and E13 cortical
NPCs (Fig. 1B (ii)), which is consistent with the behavior of
these cells in vivo and in vitro, as both cell populations
produce mostly neurons. As the embryo develops, by day
E17, cortical NPCs switch their fate towards making more
glial cells (Qian et al., 2000). Consistent with this, from the
scatterplots, we see that the E17 NPC sample is different
from the E13 NPC sample. Adult SVZ neural progenitor
cells appear different from E17 progenitor cells and from
E10/E13 cortical NPCs, which may reflect differences in
stage and also in region of origin, as the adult SVZ has a
basal forebrain origin (Marshall et al., 2003).
Further analysis of gene expression patterns was done
using GeneSpring 5.0 Transcriptional profiles of different
cell populations were defined by comparing sets of genes
using Venn diagrams. First, we compared the genes
expressed in embryonic cortical NPCs at E10, E13 andsults of one array experiment. (B) Scatterplots of microarray hybridization
other in log scale, two samples at a time. Colors represent the detection call
ls are: A — absent, M— marginal, P — present. The parallel lines represent
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these cell populations (4310 genes were shared). However,
interestingly, each cell population also had a unique set of
genes. Similarly, while embryonic cortical and adult SVZ
NPCs express 4126 genes in common – over 70% of allexpressed genes were shared – there are unique species in
the adult SVZ as well. This is the first description on the
global genetic level of the changes in gene expression that
accompany NPCs during development as they change to
accommodate developmental requirements.
Fig. 2. Venn diagrams of genes expressed in NPC. Genes expressed in ESC
and in LeX+ NPC at embryonic ages E10, E13, E17, adult SVZ and adult
cortex and striatum were compared using Venn diagrams generated by
GeneSpring software.
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Santos et al., 2002), there is significant overlap between
genes expressed in ESCs and NPCs. Most of the NSC genes
identified by Easterday et al., 2003 were also expressed in
ESCs. This finding is perhaps not surprising, since we
would expect many genes involved in self-renewal and cell
proliferation, as well as housekeeping genes, to be shared
between these cell populations. Fig. 2B shows the compar-
ison of genes expressed in ESC, adult SVZ progenitor cells
and genes common to all embryonic cortical NPCs.
NPC from different developmental ages share a common
pool of genes, which potentially includes novel neural stem
cell markers
One of our goals was to find genes that might define the
neural progenitor cell, irrespective of age. Hence, we
determined gene groups common to cortical NPCs at E10,
E13, E17 and adult SVZ. We enriched for genes expressed
in progenitor cells by subtracting genes expressed in adult
cerebral cortex and striatum (thus excluding genes present in
differentiated cortical cells) using Venn diagrams in Gene-
Spring software. Although subtracting genes expressed in
differentiated cortex/striatum potentially eliminated some
genes defining the NPC (e.g. GFAP, which is expressed in
adult astrocytes as well as in adult NPC), this subtraction
allowed us to cut down the noise in the system that arises
from the fact that the LeX marker allows enrichment of
NPCs from differentiated cells, but not complete cell
purification. In addition to subtracting genes expressed in
differentiated cortex/striatum, for this particular analysis, we
subtracted genes expressed in ESCs to allow us toemphasize genes that might define neural progenitor cells,
giving a final group of genes we designated NSC-diffCTX-
ESC (Figs. 2C, D).
After this manipulation, we found a number of genes that
were enriched in cortical NPCs at E10–17, which may help
define the embryonic NPC. We also found genes common
for both embryonic and adult neural progenitor cells, genes
potentially defining the general NPC. RT-PCR was done on
selected genes to confirm general NPC gene expression
(Supplementary Fig. 1; out of 20 genes tested, 17 confirmed
the microarray data). Because the microarray analysis was
done without replicates, it is perhaps not surprising that
three of the tested genes did not follow the predicted pattern.
Nevertheless, the fact that 70% of genes that we tested did
follow the pattern was very encouraging, indicating that in
spite of the lack of replicates, the data we generated are
useful for revealing progenitor-specific genes. Further
validation of this approach comes from comparison of our
data to data presented by other investigators who looked at
that NPC gene expression, where we find a significant
overlap, as well as novel findings (discussed in detail
below).
Genes of the NSC-diffCTX-ESC group included some
genes with known functions in the developing nervous
system, for example, math3, also named Neurod4 (neuro-
genic differentiation 4), shown to direct neuronal versus
glial fate determination in the CNS (Takebayashi et al.,
1997; Tomita et al., 2000), Myt1 (myelin transcription factor
1), which plays a role in the development of neurons and
oligodendrocytes (Kim et al., 1997; Nielsen et al., 2004),
Arx, which is essential for forebrain development (Kitamura
et al., 2002), Sox6, a transcription factor essential for
development of many tissues including neural (Hamada-
Kanazawa et al., 2004), and Hey1, a gene involved in
maintenance of neural precursor cells (Sakamoto et al.,
2003). Genes common for all NPCs were assigned to
functional categories with the use of National Institutes of
Health DAVID annotation database (http://apps1.niaid.nih.
gov/David) (Supplementary data).
A similar comparative analysis was done to compare
genes expressed in NPCs to genes expressed in ESCs
without subtracting the adult cortex. This approach allowed
us to look at NPC specific genes without excluding genes
present in differentiated brain that could be important for the
stem cell genetic program. 238 genes were found to be
expressed in embryonic NPCs, and 198 genes were
expressed in all NPCs.
To further confirm the array data, the expression
patterns of several NSC-diffCTX-ESC genes were studied
by in situ hybridization on E13 mouse embryonic
forebrain (Fig. 3). Genes selected for in situ analysis
included genes that have not been described or well-
characterized in the developing CNS. Most of these genes
tested showed expression in germinal zones, confirming
their roles in progenitor populations. A few tested genes
(e.g. Catna1 and Sept8) were expressed in non-neural
Fig. 3. In situ hybridization of NPC-enriched genes in mouse forebrain at embryonic age E13. E13 embryo heads were coronal cryostat sectioned and used for
in situ hybridization. CD81, Sept8, HNRPC and Catna1 were expressed in cortical germinal zones as well as in other tissues. CNK expression was too low for
in situ detection in cortex, although it was expressed in germinal zones of the E13 spinal cord (insert). Nsg1 was expressed in differentiated neurons.
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developmental role.
We also examined expression of selected NPC specific
genes in the NSC-diffCTX-ESC group at 3 different time
points: E13 comparing forebrain and spinal cord, E17
forebrain and adult SVZ (Fig. 4). Based on their expression
patterns, we found that the tested genes could be divided into
several groups. One group shows expression in E13 forebrain
(predominantly in striatum), in E17 periventricular zone and
in the adult SVZ, as illustrated by Ptprz. A second group
showed an expression pattern consistent with it being present
in restricted progenitors (illustrated by 2810011G06Rik),
being absent from cells in the VZ but present in the SVZ. A
third group, illustrated by Lrrn1, was expressed strongly in
embryonic hippocampus and adult dentate gyrus. The fact
that we repeatedly saw expression patterns for general NPC
genes that were predominant in striatum and hippocampus in
embryonic and adult stages is encouraging, as these areas of
the CNS are known to harbor neurogenic progenitors
throughout life.Enriched NPC genes include several known neural stem cell
and progenitor markers
The LeX+ population that we used in this study was a
mixed population of approximately 20% stem cells and
80% restricted progenitor cells. Hence, we cannot say
whether gene expression patterns we saw pertained to
restricted progenitor cells versus stem cells; a second
analysis on these populations would need to be done to
reveal this. Nevertheless, we found that several markers
known to be expressed in neural stem cells were found in
the NSC-diffCTX-ESC gene group. Nestin, cystatin-c, sox-
2, Notch1 and Notch2 were present at high levels.
However, other known stem cell markers, Brn-1, sox1
and musashi were absent. These genes were also called
absent in another study (Ramalho-Santos et al.) where
neurosphere stem cells were examined by Microarray
analysis. One possible explanation for this is that these
genes might be expressed at levels that are too low for
good microarray detection.
Fig. 4. In situ hybridization of genes expressed in NPC at different embryonic ages and adult. E13 embryos, E17 embryonic brains and adult mouse brains were
cryostat sectioned and used for in situ hybridization. (A–D) Ptprz is expressed in E13 forebrain, strongly in striatum and in the ventral germinal region of the E13
spinal cord. It is also strongly expressed at E17 in the periventricular zone of the forebrain and more weakly in the adult brain SVZ on the striatal side. (E–H) The
novel gene 2810011G06 Rik is expressed in the subventricular region of CNS germinal zones at E13, E17 and in the adult. (I –M) Lrrn1 is expressed in E13
hippocampus and medial cortex (I) and in adult hippocampus, especially in the dentate gyrus (L), but is not detectable above background in E17 forebrain (K) or
adult SVZ (M).
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progenitor cells using a subtractive approach (Aubert., et al.,
2003; Easterday et al., 2003; Geschwind et al., 2001;
Terskikh et al., 2001). Geschwind et al. used representa-
tional difference analysis (RDA) subtraction followed by
custom microarray analysis to identify NSC expressed
genes. They presented a table of 60 genes identified in
neural progenitors. We analyzed expression of 30 of these
genes in our system. According to the microarray data, 25 of
these genes (including MELK, stanniocalcin, LimD1
homeobox homolog) were highly expressed in neural
progenitor cells in all ages as well as in ES cells, 1 gene
(hcyclin D2) was expressed in neural progenitor cells in all
ages and absent in ES cells, and 4 of the genes (interferon-
activated gene 203, hPrefoldin subunit 1, Ercc1 and
arsenite-translocating ATPase) were absent. Terskikh et al.
also used RDA subtraction followed by custom microarray
analysis to report genes coexpressed in hematopoietic stem
cells and neural progenitor cells. We analyzed the expres-
sion of 17 genes common for HPC and NSC (out of 20
listed) in our system. We found that 14 genes (includingScd2, Ku80, Nedd4) were expressed in neural progenitor
cells in all ages, as well as in ESC, 1 gene (HMGI-C) was
expressed in embryonic neural progenitors and absent in
adult NPC and ESC, and 2 genes (Cyt28 and Errc1) were
not expressed in our system. Thus, we have observed a
significant overlap between our data and data obtained by
other studies, providing additional validation for our experi-
ment. Our study confirms prior findings, and because it
employed large-scale Affymetrix analysis, it provides
numerous additional potential novel stem cell genes.
Some recent studies used small-scale microarrays (rat
Atlas cDNA arrays and custom arrays) to analyze gene
expression in neurosphere-derived NSCs (Hu et al., 2004,
Gurok et al., 2004) and isolated dividing brain cells
(Livesey et al., 2004). One report used SAGE to analyze
gene expression in adult PSA-NCAM positive cells
(Pennartz et al., 2004). Comparison of our data with these
custom microarrays is difficult. However, three previous
studies employed Affymetrix Microarray analysis to study
genes in NPCs derived from neurospheres (Ivanova et al.,
2002; Ramalho-Santos et al., 2002) and isolated from sox2/
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able to compare our data to data presented by Ramalho-
Santos et al., which are in a compatible format. 6355 genes
were called present in NPCs in the Ramalho-Santos et al.
study. We found that 4747 of these are present in differ-
entiated adult cortex and striatum. There was significant
(3940 genes) overlap between Ramalho-Santos NPC genes
and genes we found expressed in NPCs at E10, E13, E17
and adult without any subtraction. Differences may be
attributed to source of starting material, as well as changes
that occur in the progenitor population after time in culture,
given that we used freshly isolated NPCs.
Age-specific changes in NPC gene expression provide an
insight into developmental changes of progenitor cells
In order to characterize changes in NPCs that take place
during the progression of embryonic development, we
examined genes unique for each age (e.g. expressed at
E10 and downregulated at E13, E17 and in adult SVZ). This
analysis was done on the entire NSC gene compliment
without differentiated cortex or ESC subtraction.
There were 66 genes uniquely expressed at E10, 101 at
E13, 45 at E17 and 309 in the adult SVZ. The list of
these genes is presented in the Supplementary data. The
higher number of genes unique for adult SVZ possibly
reflects both the different age and the different regional
origin of these cells (SVZ is basal forebrain, while cerebral
cortex is dorsal forebrain). However, the basal–dorsal
difference is complicated by the fact that, during embryonic
development, starting around E13, basal forebrain cells,
including progenitor cells, migrate into overlying cerebral
cortex (Marin and Rubenstein, 2003). All microarray data
including age to age comparisons (gene names, signal
intensity, detection calls, detection P values and relativeFig. 5. Genes differentially expressed by E13 and E17 LeX+ cells. (A) In situ hybr
are substantially lower in E17 forebrain. BLBP was expressed at low levels in E13
(B) Virtual Northern blots showing expression of TERA and BLBP in LeX+ celldifferences where applicable) are present in the Supple-
mentary data.
From previous studies, we know that E13 mouse cortical
NPCs are approaching peak neurogenesis, while E17 cells
are switching from neurogenesis to the generation of glia
(Qian et al., 2000). To elucidate genes that are enriched in
neurogenic progenitor cells, we looked for genes with
expression levels at least 5 times higher at E13 than at E17
(using GeneSpring normalized data). Over 200 genes were
strongly enriched in E13 cells compared to E17 cells. This
group included genes with known neural developmental
functions, such as six3, shown to be essential for forebrain
development (Lagutin et al., 2003), fgf15, which plays an
important role in regulating cell division and patterning in
embryonic brain and spinal cord (McWhirter et al., 1997),
GATA2, a protein required for the formation of serotonergic
neurons during development (Craven et al., 2004), and
enc1, a protein shown to be expressed at early stages of
nervous system development (Hernandez et al., 1997).
We also looked at genes whose expression pattern
follows a related ‘‘neurogenic’’ pattern (high at E13,
decreased at E17 and increased again in adult SVZ, where
stem cells generate olfactory neurons). We found 36 genes
that followed this pattern. Genes in this group included
Brn1 (recently shown to be crucial for production of
cortical neurons (Sugitani et al., 2002) and Arl6ip, a gene
that has not been previously described in the developing
CNS but is highly expressed in early myeloid progenitor
cells and downregulated during hematopoetic differentia-
tion (Pettersson et al., 2000).
To characterize the gliogenic phase of the NPCs, we
looked at genes enriched at E17 compared to E10 and E13
progenitor cells. Over 50 genes met these selection criteria.
This group included N-CoR, a gene known to be important
in astrocytic lineage development (Hermanson et al., 2002),idization: TERA is expressed highly in E13 forebrain, but expression levels
cortex, but in high levels in E13 striatum, and in high levels in E17 cortex.
s in E13 and E17 cortex confirms microarray analysis.
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cerebellum (Bizzoca et al., 2003).
In situ hybridization was done to further confirm
differential expression patterns of selected genes (Fig.
5A). Tera is an example of a gene expressed strongly in
E13 cortex and downregulated in E17 cortex (although Tera
expression could still be detected at a low level in the E17
subventricular zone). Virtual Northern blot (Fig. 5B)
confirmed that this gene is overexpressed at least 5-fold in
E13 LeX+ cortical cells compared to E17 LeX+ cells. BLBP
(Feng et al., 1994) is an example of a gene expressed more
in E17 cortex than in E13 cortex, and this is confirmed by
virtual Northern and in situ hybridization (Fig. 5), although
BLBP was highly expressed in E13 striatum.
To characterize the gene expression profiles in ES and
NPCs at different ages, we performed a Principal Compo-
nent Analysis (PCA) in GeneSpring. PCA is a decom-
position technique that produces a set of expression patterns
known as principal components. Linear combinations of
these patterns can be assembled to represent the behavior of
all of the genes in a given data set. Thus, PCA is a tool to
characterize the most abundant themes in gene expression in
the experiment.
The PCA results – the five most significant patterns of
gene expression in the dataset – are shown in Fig. 6. Genes
in each PCA group were assigned functional categories
using the GeneSpring Simplified ontology tool. As
expected, the most common pattern was the absence of
change in gene expression levels in all progenitor cells
studied. This first group includes housekeeping genes that
are present in both progenitor cells and their progeny and
genes important for maintaining the proliferative state of
progenitor cells, such as eif3s7 (eukaryotic translation
initiation factor 3, subunit 7), cyc1 (cytochrome c-1),Fig. 6. Principal Component Analysis of NPC genes. Genes expressed in enriche
Principal Component Analysis in GeneSpring.cdk9 (cyclin dependent kinase) (Napolitano et al., 2002)
and sin3a (eukaryotic transcriptional regulator) (Halleck et
al., 1995). The second most common expression group was
genes that are upregulated in neural progenitor cells and
have low expression levels in ES cells. This group includes
genes expressed in the nervous system, such as Sclip
(stathmin-like 3) (Ozon et al., 1998), Myt1 (Kim et al.,
1997) and Ldb2 (LIM homeodomain gene, shown to be
involved in cortical development) (Bulchand et al., 2003).
The third most common group had an unexpected profile.
These genes were enriched in ES cells, downregulated in
embryonic neural progenitor cells and enriched again in
adult SVZ progenitor cells. Genes in this group include
enpp2 or autotoxin, a gene that showed differentiation-
dependent upregulation in mouse preadipocyte culture
(Ferry et al., 2003), clu (clusterin), that was shown to be
expressed during epithelial differentiation during embryo-
genesis (French et al., 1993), and Ezh1 (mouse enhancer of
zeste homolog), that is involved in establishing repressive
chromatin complexes (Laible et al., 1997). The fourth group
consists of genes that are downregulated in ES cells, peak at
E13, are downregulated again at E17 and upregulated in
adult SVZ cells. From the pattern of expression, we
speculate that genes in this group are involved in neuro-
genesis and neuronal differentiation. Members of this group
include Ddef1 (development and differentiation enhancing),
which is involved in trafficking and recycling of EGF
receptors (Kowanetz et al., 2004), ebf2, which is involved in
the control of neuronal differentiation/maturation in the
CNS (Garel et al.,1997), and Atbf1 (AT motif binding factor
1), which is known to be involved in neuronal differ-
entiation (Miura et al., 1995). The fifth group comprises
genes that are upregulated at ages E13 and E17. Members of
this group include spry4, involved in FGF signalingd NPCs of different stages and ESC expressed genes were analyzed using
N. Abramova et al. / Developmental Biology 283 (2005) 269–281 279(Minowada et al., 1999), vax1, involved in development of
the anterior ventral forebrain (Hallonet et al., 1999), and
Mab21l2, expressed in the developing mid- and hindbrain
and essential for neural tube development (Wong and Chow,
2002). PCA components were assigned to functional
categories using Simplified Gene Ontology in GeneSpring
(Supplementary Fig. 2).
Analysis of common stem cell markers
We were able to identify genes common for neural and
embryonic stem cells after subtracting differentiated cortex
and striatum genes that are candidates for common stem cell
markers. We found that 425 genes were expressed in ESC
and neural progenitor cells of all ages. We compared these
data with those published by Ramalho-Santos et al., 2002,
which described genes enriched in embryonic, hematopoetic
and neural progenitor cells. This comparison yielded only
23 genes in common. This low degree of overlap is not
surprising since a similar poor overlap (of only 15 genes)
was seen when the Ramalho-Santos common stem cell gene
data were compared with those of Ivanova et al., 2002
(Burns and Zon, 2002). The low overlap is possibly due to
the sources of progenitor cells that were used for the
comparison. Our study used freshly isolated stem cells. Both
the Ramalho-Santos et al. and Ivanova et al. studies used
neurospheres as a source of NPC, but the sources of
neurosphere-generating cells were different: E14 lateral
ventricle striatum, cultured for at least 7 days (Ivanova et
al., 2002), and 8-week-old mice lateral ventricle boundary,
cultured for 8 days (Ramalho-Santos et al., 2002). It has
been shown that neurospheres are heterogeneous, containing
both multipotent progenitors and more developmentally
committed progeny, and that neurosphere cell composition
and gene expression profiles vary significantly depending
on the stage of isolation, the tissue source and the size of the
neurosphere (Suslov et al., 2002). It was also shown that
neurosphere cells alter their genetic program with time in
culture (Hack et al., 2004; Quinn et al., 1999). Thus, it
might be expected that use of such heterogeneous cell
populations as reference in the search for stem cell markers
results in barely overlapping gene groups.
In conclusion, we have used Affymetrix Arrays to
compare gene expression among freshly isolated NPCs
derived from different stages when they are preferentially
proliferating, generating neurons or generating glia. By
subtracting differentiated cortex, we were able to enrich for
genes in NPC cells, and by further subtracting ESC genes,
we identified a number of NPC specific genes. We hope that
these will enable discovery of new neural stem cell markers.
Our data also reveal that NPCs undergo significant changes
in their genetic program during mouse development, which
we suggest is necessary in order to accommodate the
requirements for producing certain types of progeny at
different stages of development. These findings are impor-
tant for understanding how neural progenitor cells generatedifferent types of progeny over time and how production of
specific progeny types could be manipulated to aid in CNS
repair.Acknowledgments
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